In this letter, we present the results of the fabrication and characterization of 5 mol % MgO doped Ba 0.7 Sr 0.3 TiO 3 ͑BST͒ films grown on Pt/TiN/SiO 2 coated on Al 2 O 3 substrates using the rf magnetron sputtering technique. The dielectric and electrical properties of Ba 0.7 Sr 0.3 TiO 3 thin film were found to improve obviously by means of MgO doping. The leakage current density of BST thin film decreased about 1 order of magnitude on MgO doping, while BST film with MgO doping had a higher dielectric constant than that without MgO doping. The dielectric constant of the films increased with increasing annealing temperature due to the consistent increase in grain size and crystallinity. The 750°C annealed, 100 nm thick film indicated a high dielectric constant of 440 at 100 kHz and the lattice constant of 3.986 Å. The improvement of the electrical properties of BST films was associated with the reduced oxygen vacancies due to improved oxygenation of BST films in the presence of MgO. The MgO doped BST films exhibited a high tunability of 25% and dc resistivity of 6ϫ10 10 ⍀ cm at an applied electric field of 200 kV/cm. The time-dependent dielectric breakdown studies indicated that the films had a longer lifetime of over 10 yrs on operation at the electric field of 0.4 MV/cm which is better than undoped BST film. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1458067͔
The advancement of dynamic random access memories ͑DRAMs͒ has significantly decreased the available area per cell. Electroceramic thin films with high dielectric constant have attracted great attention for practical use in a capacitor of giga-bit DRAMs since the adoption of high dielectric constant materials can lower the height of the storage node and simplify the cell structure.
1,2 One of the most promising materials for the capacitor dielectric film is (Ba 1Ϫx Sr x )TiO 3 ͑BST͒ because of its high dielectric constant, low leakage current density, high dielectric breakdown strength, relatively low dielectric relaxation time, low temperature coefficient of dielectric constant, the composition dependent Curie temperature, and paraelectric perovskite phase that does not exhibit fatigue, aging, and the ease of composition control due to the absence of volatile lead oxide. 3 According to previous investigations, the electrical and dielectric properties and reliability of BST films heavily depend upon the thin film deposition method, composition, dopant, postannealed temperature, base electrode, microstructure, film thickness, surface roughness, oxygen content, and homogeneity of the film. 4 -6 Oxygen content in BST films has been identified to play an important role in determining the electrical and dielectric behavior of BST film. Inadequate oxygenation of BST films during growth in low oxygen partial pressure at elevated temperature may lead to the formation of oxygen vacancies, which act as charged traps. These charged traps leading to increased electron concentration affect the properties of BST film detrimentally. 7 A suitable dopant can be used to decrease the concentration of electrons. In this letter, we report the improvement in electrical properties of BST films by means of MgO doping. The dielectric constant, dielectric loss, and leakage current density of MgO doped BST films annealed at various temperatures were characterized with respect to measurement parameters such as applied electric field and measurement temperature. Experimental results indicate that the leakage current density of the BST film with 5 mol % MgO doping can be improved about 1 order of magnitude, while the dielectric constant of MgO doped film is 30% higher than that of undoped film.
In this letter, the undoped and 5 mol % MgO doped BST (Ba/Srϭ70/30) targets with a diameter of 2 in. and thickness of 1/4 in. were prepared using a standard solid-state powdermixing reaction process. The sputtering chamber was evacuated to a base pressure of 2ϫ10 Ϫ6 Torr. All films were prepared at a fixed power of 100 W ͑the power density is 2.26 W/cm 2 ͒ and constant pressure of 40 mTorr, which was maintained by a mixture of argon and oxygen at a mixing ratio of 1:1 with a total flow of 20 sccm. All BST films have the same thickness of around 100 nm. The substrate temperature was at 500°C. The purpose of deposition of SiO 2 on the Al 2 O 3 substrate was to improve surface roughness of the Al 2 O 3 surface. The TiN layer was deposited between Pt and SiO 2 /Al 2 O 3 to enhance the interface adhesion and provide a diffusion barrier.
The grain size and film morphology analysis of the films were carried out by using atomic force microscopy ͑Digital Instruments Nano-Scope III͒ to reveal a simple dependence of grain growth on annealing temperature ranging from 550 to 750°C in O 2 for 30 min in a rapid-thermal-annealing ͑RTA͒ furnace. The 50 nm thick Pt top electrode with a diameter of 250 m was then formed by sputtering and patterned by the shadow mask process. The film thickness was a͒ Author to whom correspondence should be addressed; electronic mail: tseng@cc.nctu.edu.tw determined from ellipsometry. The microstructural features of the films were examined by x-ray diffraction ͑XRD͒ ͑Si-emens D5000͒. The dielectric and electrical measurements were conducted on the films in the metal-insulator-metal capacitor configuration. The leakage current of Ba 0.7 Sr 0.3 TiO 3 films was measured with a voltage step of 0.1 V and elapsed time of 30 s. The capacitance was measured at 100 kHz as a function of voltage from positive to negative bias. Dielectric constant of the films was calculated from the capacitance measured at 100 kHz without bias voltage. The dielectric properties were measured as a function of frequency with a HP 4194A impedance/gain phase analyzer. The insulating properties were evaluated from currentvoltage and current-time measurements by measuring the current through the sample using HP 4156. The Pt top electrode of the BST capacitor was connected to the voltage source and the bottom electrode was ground. Figure 1 shows the XRD patterns of the 50% OMR BST thin films doped with 5 mol % MgO deposited on Pt bottom electrodes at substrate temperature 500°C and postannealed for 30 min at 550, 650, and 750°C in O 2 ambient. The purpose of using 50% OMR is that the BST films with large grain size can exhibit large dielectric constants due to polarization of electric dipoles on the basis of a previous study. 8 The oxygen stoichiometry also influences the dielectric constant of the films. The ͑110͒ peak intensity of the BST thin films becomes more intense in the XRD patterns with increasing temperature from 550 to 750°C in O 2 ambient. It indicates from Fig. 1 that the crystallinity of those films is improved after the RTA process. Figure 2 shows the variation of dielectric constant of both undoped and 5 mol % MgO doped BST thin films with RTA temperature. It depicts that the dielectric constant of MgO doped BST film is higher than that of undoped BST film at various RTA temperatures. The dielectric constant is related to oxygen stoichiometry, grain size, and crystallinity of the film. The average grain sizes of 5 mol % MgO doped as-deposited and 750°C annealed BST films determined by Scherrer's formula are 417 and 493 Å, respectively, compared to undoped BST film, which are 378 and 436 Å under the same conditions. Therefore, the increase in dielectric constant may be attributed to the grain growth and improved crystallinity of the films on the basis of the XRD result. From our experimental result, the dielectric constant and dissipation factor of the BST films are 390 and 0.004, respectively, while those of undoped BST films are 345 and 0.012, respectively, under being postannealed at 650°C in an O 2 ambient. The better dielectric properties observed in MgO doped BST films are attributed to better crystallization, denser structure, and larger grain size compared to undoped BST film.
The root mean square surface roughnesses of MgO doped and undoped BST films increase with increasing annealing temperatures ranging from 550 to 750°C ͑not shown here͒. The increasing surface roughness may be due to grain growth of annealed BST films. It can confirm this from the XRD data ͑Fig. 1͒ that the grain size increases with increasing annealing temperature. The MgO-doped films have higher surface roughnesses compared to undoped films, which is attributed to better crystallization and larger grain size of MgO doped films.
The difference in the leakage current characteristics of undoped and MgO-doped BST films is shown in Fig. 3 . It is indicated that the leakage current density of MgO-doped BST film is about 1 order of magnitude lower than that of undoped BST films. Consider the addition of MgO into BST films. On the basis of the similarity in ionic radii between Mg 2ϩ (r eff ϭ0.72 Å) and Ti 4ϩ (r eff ϭ0.61 Å) in sixfold coordination, 9 it may be assumed that Mg replaces Ti in the BST lattice and a doubly ionized oxygen vacancy is simultaneously formed, i.e.,
MgO͑ -TiO
where V o •• is an extrinsic oxygen vacancy controlled by the Mg content. Mg behaves as an electron acceptor-type dopant, which can prevent reduction of Ti 4ϩ to Ti 3ϩ by neutralizing the donor action of the oxygen vacancies. In high temperature deposition of BST films under nonoxidizing atmosphere, such as Ar, generally produces oxygen vacancies in the film according to
where O o , V o •• , and eЈ represent the oxygen ion on its normal site, oxygen vacancy, and electron, respectively. From Eqs. ͑1͒ and ͑2͒, it can be seen that both Mg Ti Љ and V o •• are compensated for each other because they play the role of an acceptor and a donor in BST film, respectively. Oxygen vacancies created with MgO addition combined with the equilibrium reaction ͑2͒ requires that the concentration of electron be simultaneously decreased.
This decrease in electron concentration leads to lower leakage current of MgO doped BST film compared to undoped BST film. In Fig. 2 , it is also indicated that 5 mol % MgO doped BST film has relatively low loss tangent compared to undoped BST film, which is consistent with the result of the lower leakage current of MgO-doped films shown in Fig. 3 . The leakage current characteristics are distinctly similar in the positive and negative voltage region. The symmetry in positive and negative voltage parts of the J -E characteristic is due to the identical top and bottom electrode work functions in the two interfaces. It also implies that the leakage current is electrode limited. 10, 11 It is generally known that the leakage current of Pt/BST/Pt is controlled by Schottky barriers at the top BST/electrode and bottom BST/electrode interfaces. However, if these potential barriers are identical, then the J -E characteristics would be symmetric.
The leakage current density of the 550°C annealed films is lower than those of 650 and 750°C annealed films. The leakage current of BST film increases with increasing annealing temperature, which may be due to the enhanced ionic polarization and improved crystallinity with larger grain size. However, this enhanced ionic polarization would increase the energy dissipation during the relaxation, 12, 13 and films with large grain size also have short conduction paths along the highly resistive grain boundary, which cause an increase in the leakage current. This phenomenon implies that the higher dielectric constant and leakage current exhibited in the films annealed at temperatures above 550°C may be attributed to their larger grain sizes. In our experiment, the leakage current density of MgO-doped BST film annealed at 650°C for 30 min was 2ϫ10 Ϫ10 A/cm 2 at 100 kV/cm. Figure 4 shows the lifetime extrapolation from dependence of cumulative failure on time-dependent dielectric breakdown ͑TDDB͒ stress time for the 100 nm thick films annealed at different temperatures. The TDDB studies indicate that all the films have a lifetime of over 10 yrs of operation at an electric field of 0.4 MV/cm. From Fig. 4 , MgO doped BST films have a longer lifetime than undoped BST. The lifetime decreases with increasing annealing temperature.
In conclusion, our investigation demonstrated that MgO can be an effective dopant for increasing the dielectric constant, reducing the leakage current, and enhancing the reliability of Ba 0.7 Sr 0.3 TiO 3 thin films. We have shown that 550°C annealed MgO doped BST film has a dielectric constant of 372, a loss tangent of 0.0037 at 100 kHz, a leakage current of 1ϫ10 Ϫ10 A/cm 2 at an electric field of 100 kV/cm, and a delay time 30 s, while 550°C annealed undoped film has 329, 0.011, and 1ϫ10 Ϫ8 A/cm 2 , respectively. Present studies suggest that the improved dielectric and insulating properties of MgO-doped BST films are suitable for tunable microwave and integrated capacitor applications.
